Abstract: A simple, high-sensitivity, and low-cost optical sensor for the measurement of temperature and salinity in seawater is demonstrated based on a microfiber directional coupler. The shifts of sensing dips are highly sensitive to the change of salinity and temperature in seawater with highest sensitivities at 930 pm/‰ and À160 pm/ C for coupler assembled by 3.79-and 2.20-m-diameter fibers. The temperature sensitivity can be further improved to À1130 pm/ C for smaller fibers with diameters of 3.50 and 1.35 m. To keep the stable structure in liquid, a methodology of coating using ethyl cellulose ethoce film is proposed. By ethyl cellulose ethoce solvent coating on the coupling area, the coupler can be operated stably in seawater. The sensor demonstrated here is easy to construct, is low cost, is high sensitivity, and is compatible with the optical fiber system, which may find applications in developing miniature and multifunction optical sensors used in seawater and other liquid surroundings.
Introduction
Salinity and temperature are the most important parameters in physical oceanography applications. Traditionally, the degree of salinity in seawater is measured by the conductivity-temperaturedepth (CTD) system, which depends on the measurement of electrical conductivity due to the presence of chlorine ions in the seawater [1] , [2] . However, the system is usually expensive, big size and may suffer from electromagnetic interference. In the past, many optical fiber sensors for salinity and/or temperature in seawater have been developed, including fiber Bragg grating, the two-core fiber, the photonic crystal fiber, the fiber Fabry-Pérot interferometer, high-birefringence elliptic fiber, and microfiber knot/coil resonators with sensitivities of 20-240 pm/‰ and 10-472 pm/ C, respectively, which show the advantages of compact size and electromagnetic immunity [2] - [8] . However, the relative low sensitivities still need to be improved and complex fabrications may limit their further applications in developing high performance and low-cost optical sensors in ocean multiparameter detections.
Recent years, optical sensors based on micro-/nanofibers have been proposed and demonstrated [9] - [11] . In particular, as a typical optical micro-/nanophotonic device, microfiber directional coupler has been widely used in temperature, microforce, and liquid refractive index (RI) sensings [12] - [18] . It is noticed that for RI sensing in liquid, the maximum sensitivity reaches as high as 4155 nm/RI unit [17] , which is five-40 times higher than those RI sensors based on microfiber loops, coils, liquid ring resonators, and Bragg gratings [19] - [25] . More recently, salinity and temperature sensor based on a microfiber directional coupler has been proposed theoretically [26] . By monitoring different sensing dips simultaneously, online measurement of salinity and temperature in seawater can be realized simultaneously. However, to the best of our knowledge, there is no experimental report on this type of sensors used in seawater sensing. In this paper, based on a microfiber directional coupler, a temperature and salinity sensor used in seawater is demonstrated. The shifts of sensing dips show highly sensitive to the change of salinity and temperature in seawater with highest sensitivities of 930 pm/‰ and À160 pm/ C, respectively. To further improve the temperature sensitivity, smaller microfibers are used and sensitivity of À1130 pm/ C is obtained. Considering the liquid surrounding of seawater, Ethyl cellulose ethoce solvent is coated on the coupling area to strengthen the device. By coating Ethyl cellulose ethoce solvent on the coupling area, the coupler can be operated stably in seawater with an additional loss of 1.9 dB. The sensor demonstrated here show advantages of easy fabrication, low cost, high sensitivity, and compatibility with the optical fiber system, which may find applications in developing miniature, economical, high sensitivity, and multifunction optical sensors in ocean detections and other applications. Fig. 1(a) shows the schematic diagram of the experiment setup for measurement of temperature and salinity in seawater based on a microfiber directional coupler. Firstly, a silica biconical microfiber (Fiber 1) is fabricated by drawing of a standard single-mode fiber (SMF-Coning SMF28) using a flame-heated taper drawing technique. The uniform waist of the biconical fiber is usually a few micrometers in diameter and centimeters in length. Another microfiber (Fiber 2) with a freestanding end is also fabricated by the flame-heated taper drawing technique from the SMF. To construct a directional coupler, all ports (Port 1, 2, and 3) of the SMFs are temporarily mounted on fine 3-D translation stages. By controlling the 3-D translation stages, two fibers approach each other until they attached tightly, which can be observed under an optical microscope. The matched software of the optical microscope helps us to measure the diameters of microfibers and length of coupling area. To operate the coupler, broadband light from a SC source is sent into the port 1 of fiber 1; output signal is collected from port 3 of fiber 2 and sent into an optical spectrum analyzer (OSA) for signal analysis.
Experimental Results
In addition, considering the strong tension in liquid, the coupling area maintained by the van der Waals force and electrostatic force is easy to be damaged. To strengthen the device operated in liquid, 1% concentration Ethyl cellulose ethoce (EC) solvent is coated on the coupling region. The EC solvent is prepared by slowly adding the EC powder to the 99.7% alcohol with continuous stir. Considering that EC is an ether without hydroxy, it cannot be dissolved in water, and therefore, it is very suitable for strengthening devices operated in aqueous liquid. In experiment, a droplet of EC aqueous solution, carried by a metal probe, is used to brush along the coupling area, which movement is controlled by a three-axis linear stage, as shown in Fig. 1(b) . After about 20 seconds, the coating film is formed on the surface of microfibers.
The seawater sample to be tested is poured into a sample cell, which is supported by a heater with temperature control function. Then the as-assembled coupler is immersed into the sample. The initial salinity and temperature are 38‰ and 8.8 C, respectively. Fig. 1(c) shows the picture of the experiment setup, including a coupler assembled by a 3.79-m-diamter-fiber (fiber 1) and a 2.20-m-diameter fiber (fiber 2) with coupling length of 7.8 mm. The coupling length has no influence on the sensitivity but has an effect on the distance between the adjacent sensing dips. To show the coupler more clearly, an optical microscope image of the coupling area is shown in the inset of Fig. 1(c) . The rough surface of fibers is caused by the EC coating. To estimate the loss induced by the EC coating, the transmission spectrum before and after coating EC twice on a 3.41-m-waist-diameter biconical fiber is measured. By contrasting the spectra shown in Fig. 1(d) , the average loss can be estimated to be 1.9 dB. The loss can be improved by obtaining smoother coating surface with decreasing coating area, coating times, and EC solvent with lower concentration. In addition, the total insertion loss of this coupler is measured to be 15-20 dB, which mainly depends on the bonding situation in the coupling area and the absorption loss in seawater.
The typical measured transmission spectra of the coupler is shown in Fig. 2 , which is collected from port 3 of the coupler shown in Fig. 1(c) . With the theoretic model established in [26] , the transmission spectrum of this coupler can be calculated theoretically. In simulations, the propagation constant plays an important role in deciding the output spectrum, especially the distance between the adjacent sensing dips. It can be found that just when the propagation constant of HE 21 mode on fiber 1 and HE 21 mode on fiber 2 are used, the calculated spectrum and the measured spectrum are in agreement with each other. Thus, by theoretical calculation, we conclude that the spectra is generated by the coupling of HE 21 mode on fiber 1 and HE 21 mode on fiber 2 [26] , [27] . In simulations, the RI and thickness of EC coating are assumed to be 1.479 and 200 nm, respectively [28] . Additionally, a spectral fluctuant envelop resulting from the coupling of the two polarization eigenstates is observed in Fig. 2 , which is similar with the phenomenon reported in [14] .
To demonstrate the salinity and temperature sensing, the salinity of seawater is first artificially tuned by successively adding 0.1 ml distill water into 38‰ seawater sample under the certain temperature of 8.8
C. The salinity is measured by a salinity meter (PR-100SA) and its temperature is determined by a thermocouple thermometers (TASI-8620). Fig. 3(a) shows the blue shifts of sensing dips as salinity decreases from 38‰ to 26‰. To estimate the sensitivities, two typical sensing dips are tracked, and their dip values at different salinities are plotted in black squares in Fig. 3(b) and (c). Quadratic fitting lines (red line) show the relationship between the dip wavelength and the salinity with R 2 ¼ 0:99. The maximum sensitivity is estimated to be S S1 ¼ 930 pm= = for dip 1 and S S2 ¼ 710 pm= = for dip 2 at salinity of 38‰. After the salinity sensing is completed, temperature sensing is then performed by the same coupler. The salinity of seawater is kept to be 26‰, and the sample is heated by the heater with temperature increasing from 23.7 C to 36.6 C gradually. As is shown in Fig. 4(a) , both sensing dip 1 and 2 shift to the short wavelength as temperature of seawater goes up. The peak values of sensing dips at different temperatures are given in Fig. 4(b) and (c). It can be seen that the wavelength shift decreases approximately linearly with the increasing temperature with slopes of about À100 pm/ C and À160 pm/ C, which indicates that the measured sensitivities of dip 1 and dip 2 are S T 1 ¼ À100 pm= C and S T 2 ¼ À160 pm= C, respectively. Due to the fact that different sensing dips have different responses to changes in temperature and salinity in the wavelength domain, as shown in Figs. 3 and 4 , simultaneous measurement of both changes in the salinity and temperature (ÁS and ÁT ) can be realized using the sensitivity matrix as follows:
According to the matrix, it can be seen that based on the determination of S S1 , S S2 , S T 1 , and S T 2 , by tracking the shifts of sensing dip 1 and dip 2 (Á dip1 and Á dip2 ) experimentally, the salinity variation and the ambient temperature variation (ÁS and ÁT ) can be obtained, respectively. Compared with the existing sensors, the maximum salinity sensitivity demonstrated here is about four-70 times higher than those of microfiber knot resonators (MKRs) (20-40 pm/‰), polyimide-coated photonic crystal fiber (12.7 pm/‰), and two-core optical fiber (240 pm/‰) in salinity sensing [4] , [5] , [7] , and the temperature sensitivity is about five-16 times higher than those of fiber Bragg grating (10 pm/ C) and bare MKRs (20-30 pm/ C) [2] , [6] . However, it is lower than that of high-birefringence elliptic fiber shown in [8] . Thus, the temperature sensitivity of this sensor still need to be further improved. It is known that for sensors based on micro-/nanofiber, stronger evanescent field usually lead to higher sensitivity. In other words, it can be predicted that the temperature sensitivities can be further improved by assembling coupler with smaller microfibers. Thus, to improve the temperature sensitivity experimentally, a coupler assembled with 3.50-m-diamter-fiber 1 and 1.35-m-diameter fiber 2 is fabricated, which is immersed in seawater with salinity of 38‰ as well. The initial temperature of seawater is 17 C and is then increased to be 31. 6 C gradually by the heater. The transmission spectrum collected from port 3 of fiber 2 is recorded successively when the temperature rises up, as shown in Fig. 5(a) . It can be seen that with the increasing temperature, the sensing dip shifts to the short waveband, which is similar with that shown in Fig. 4(a) . To estimate the sensitivity, the value of sensing dips at different temperatures are plotted in Fig. 5(b) . It shows that the sensing dip shifts approximately linearly with the increase of the temperature with a slope of about À1130 pm/ C, which is more than twice the high-birefringence elliptic fiber (À472 pm/ C). As predicted, the smaller fiber diameters can improve the temperature sensitivity, which is also suitable for salinity sensitivity.
Finally, it is noted that, as shown in Fig. 5(a) , only one sensing dip can be selected as the sensing dip. This phenomenon is mainly caused by the larger diameter difference between two fibers. As mentioned in [26] , the larger diameter difference between two fibers will suppress the number of sensing dips. However, since the sensors are sensitive to the salinity variation and the ambient temperature variation, cross-sensitivity should be considered for practical applications. As demonstrated in previous works, dual-wavelength measurement can resolve this problem to realize selective sensing [29] . Thus, in order to obtain higher sensitivities and avoid cross-sensitivity, coupler assembled by two identical smaller microfiber is recommended, and more sensing dips will provide more opportunity for multiparameter (three or more parameters) sensing in ocean detection and other applications. 
Conclusion
In conclusion, a high sensitivity salinity and temperature sensor based on microfiber directional couplers is demonstrated. By tracking the shifts of sensing dips, the simultaneous measurement of salinity and temperature in seawater can be realized. The shifts of sensing dips show highly sensitive to the change of salinity and temperature in seawater with highest sensitivities of 930 pm/‰ and À160 pm/ C for coupler assembled by 3.79-m and 2.20-m-diameter fibers. The temperature sensitivity can be further improved to À1130 pm/ C using coupler assembled by smaller microfibers with diameters of 3.50 m and 1.35 m. Considering the liquid surrounding of seawater, 1% EC solvent is coated on the coupling area to strengthen the device, though 1.9 dB scattering loss is introduced by the EC coating. In addition, the suppression of sensing dips due to the larger diameter difference between two fibers is observed. Considering that more sensing dips may provide more opportunity for high sensitivity multi-parameter (three or more parameters) sensing, it can be prospected that in order to obtain higher sensitivities and realize multi-parameter sensing, coupler assembled by two identical smaller microfiber is recommended. The sensor demonstrated here show advantages of easy fabrication, low cost, high sensitivity, and compatibility with the optical fiber system, which may find applications in developing miniature, high sensitivity, and multifunction optical sensors in ocean detections, as well as other applications.
